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Primary roles of BNL/PHENIX group

• Primary responsibility of PHENIX group in the BNL 
physics department is the operational, technical, and 
administrative support of the PHENIX experiment and 
the pursuit of physics research with the PHENIX detector 

• The group also hosts research with the ATLAS detector 
at the LHC, and has supported the development of new 
detectors for positron-emission tomography (PET) 

• An increasing fraction of the group’s effort is moving 
toward design, prototyping and performance studies of 
the sPHENIX detector
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BNL/PHENIX in PHENIX organization

• Co-spokesperson - David Morrison 
• Director of operations - Mickey Chiu  

• Transition from Ed O’Brien, to be complete in October 

• Deputy director of operations - John Haggerty 
• Executive council 

• John Haggerty, David Morrison (ex-officio), Ed O’Brien (ex-officio) 

• Detector council 
• Achim Franz, Edward Kistenev 

• Technical coordination 
• Martin Purschke (DAQ), Don Lynch (Chief Engineer), Sasha Bazilevsky 

(Trigger Coordinator) 

• Topical group coordinators 
• Gabor David (photons/neutral hadrons), Mickey Chiu (MPC)
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BNL/PHENIX group operations responsibilities

• Operation of PHENIX experimental facility and collaboration 
management 
• Membership in PHENIX management group, executive and detector 

councils 

• Coordination of physics run activities 

• All PHENIX detector and support system ES&H and work planning 

• Operation of local PHENIX office for visitor support (250 visitors/year) 

• Coordination of all experiment activities and publications 

• Data production and processing 

• Management, coordination, and participation in all shutdown work 
• Annual detector maintenance 

• Installation and commissioning of upgrade projects
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• Responsibility for specific detector subsystems 
• Electromagnetic calorimeter 

• Silicon vertex barrel (VTX) 

• Silicon forward vertex (fVTX) 

• Zero Degree Calorimeter/Shower max detector 

• Spectrometer magnets 

• Muon piston calorimeters (MPC) 

• Muon piston calorimeter extension (MPC-EX) 

• Data Acquisition 

• Online and offline computing
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• Maintenance of PHENIX common subsystems 
• Safety systems 

• LV/HV systems 

• General computing and databases 

• Electronics control and timing 

• Gas systems 

• Cooling systems 

• Supply of consumables 
• Gas, data media, software licenses, spare parts, etc.

6

BNL/PHENIX group operations responsibilities



• 20 PhD scientific staff  
• +A. Bazilevsky, shared with spin group 

• 9 technicians 
• 3 engineers (mechanical and electrical) 
• 3 computing professionals 
• 3 physics associates 
• 2 administrative assistants 

!

• 11.9 FTE on research, 27.5 FTE on operations

7

PHENIX group makeup



Electronics support staffing level & needs

!

• Steve Boose plays primary role, along with Sal Polizzo 
and Mike Lenz 
!

• Eric Mannel hired in 2012 for support of the PHENIX 
VTX and fVTX detectors 
• This satisfied a critical need within the experiment and his 

addition to the group has been a great success

8



Staffing plans

• In 2013/2014, BNL/PHENIX group made two scientific 
staff hires 
• Dennis Perepelitsa, postdoc - Goldhaber fellow 

• Research on ATLAS, continuing thesis work on jets in p+Pb 

• Research on PHENIX, continuing work on jets in d+Au, new work on neutral 
pions in d+Au, and development work on sPHENIX (b-tagging, pp triggering) 

• Jin Huang, staff physicist  
• PHENIX detector support on VTX/fVTX, spin research 

• sPHENIX forward magnet design 

• sPHENIX EMCal design 

• Continued research work at JLab (SoLID collaboration) 

• In 2012, added Eric Mannel for support on f/VTX
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Staffing plans

• After departure of Anne Sickles for UIUC, have made 
request to department for 
• New postdoc 

• New staff hire 

• Wide range of opportunities for contributions to 
PHENIX p+A/He3+A, sPHENIX design and R&D, 
ATLAS HI research 

• Brant Johnson now at 80% 
• Reducing to 60% by next year
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BNL/PHENIX physics research efforts
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FY13-14 research highlights

• PHENIX 
• Neutral mesons and direct photons in p+p, d+Au, Au+Au 

• Initial state effects, jet energy loss, forward physics with MPC, dark photons 

• Transverse energy distributions 
• Constituent quark scaling 

• Correlations in d+Au - evidence for collectivity at RHIC 

• ATLAS 
• Comprehensive study of flow phenomena in Pb+Pb & p+Pb 

• Jets and photons in Pb+Pb & p+Pb 

• sPHENIX 
• Construction and test beams for calorimeter prototypes 

• Progress toward updated MIE
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BNL/PHENIX group physics output
• 24 publications submitted in FY2014 
• PHENIX group members were among the primary authors of 

11 of these
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• Spin 
• Double helicity asymmetries for pi0 

and eta 

• Single spin asymmetry of eta 
mesons 

• Single spin asymmetries at mid 
and forward rapidity 

• Detector development and 
design 
• fVTX NIM article 

• EIC detector concept white paper

• Soft physics in d+Au and 
Au+Au 
• Transverse energy distributions 

• Centrality in d+Au 

• HBT in d+Au and Au+Au 

• Long range correlations in d
+Au 

• Photons and neutral 
mesons 
• Centrality dep. of direct 

photons in Au+Au 

• Dark photons 

• Photon v2 and v3



Direct photon production in Au+Au (David)
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FIG. 7. Direct photon pT spectra in centrality bins 0%–20%,
20%–40%, 40%–60% and 60%–92%. Widths of filled boxes
indicate bin widths in this analysis. The green bands show a
N

coll

-scaled modified power-law fit to the PHENIX p+pdata
and its extrapolation below 1GeV/c, cf. Fig. 5. One-sided
errors denote 1� upper limits, other uncertainties are as in
Fig. 5.

TABLE III. Fitted parameters from fitting power-law fits
dN
dy = AN↵

part

for integrated yields with di↵erent lower peeT
limits.

pmin

T (GeV/c) ↵ A

0.4 1.47± 0.19± 0.07 (2.77± 2.64± 1.41)⇥ 10�3

0.6 1.52± 0.23± 0.15 (5.78± 6.64± 5.17)⇥ 10�4

0.8 1.63± 0.22± 0.18 (1.68± 1.91± 1.67)⇥ 10�4

1.0 1.45± 0.19± 0.08 (1.99± 1.87± 1.28)⇥ 10�4

1.2 1.41± 0.18± 0.08 (1.49± 1.37± 0.91)⇥ 10�4

1.4 1.47± 0.20± 0.09 (5.00± 5.18± 3.44)⇥ 10�5

in Table III. The same power is observed independent
of the pT cuto↵, consistent with the spectra having the
same shape independent of centrality. A simultaneous
fit to the data in Figure 9 results in an average value of
↵ = 1.48 ± 0.08(stat) ± 0.04(syst).

We have also considered the recently suggested scaling
with the number of quark participants Nqp, which works
well for charged particle production [34]. Here Nqp is
calculated with a Glauber Monte Carlo simulation simi-

FIG. 8. Direct photon pT spectra after subtraction of the
N

coll

scaled p+pcontribution in centrality bins 0%–20%, 20%–
40%, 40%–60% and 60%–92%. Uncertainties are plotted as
in Fig. 7. Dashed lines are fits to an exponential function in
the range 0.6GeV/c < pT < 2.0GeV/c, see Table II for the
numerical values.

lar to Npart by picking random locations for constituent
quarks within the nucleus. While our data is better de-
scribed by scaling with a power-law in Npart, it is also
consistent with a power-law function N�

qp, where Nqp is
the number of quark participants. In this case we find
an exponent of � = 1.31 ± 0.07(stat) ± 0.03(syst).

In most theoretical models thermal photon emission
involves binary collisions of constituents, partons or
hadrons, in hot and dense matter. Thus the emission
rate from a unit volume should be proportional to the
square of the number of constituents, while bulk par-
ticle production should scale with the number of con-
stituents [23, 35]. Because particle production is approx-
imately proportional to Npart one might expect thermal
photon emission to scale as N2

part times a correction for
the increasing reaction volume with centrality. The in-
creasing volume will reduce the centrality dependence, so
that one expects 1 < ↵ < 2 for thermal photon emission.

Recent theoretical studies of the centrality dependence
confirm our finding that the yield of thermal photon emis-
sion increases approximately with a power law function
of Npart. In the PHSD transport approach the power
↵ is approximately 1.5 [36], with no evident change in
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FIG. 9. Integrated thermal photon yields as a function of
N

part

for di↵erent lower pT integration limits. The dashed
lines are independent fits to a power-law.

the shape of the spectra with centrality, very similar to
our data. A hydrodynamic model [37] shows a power
law increase of the yield with a power ↵ in the range
from 1.67 to 1.9, increasing monotonically as the lower
integration threshold increases from 0.4 to 1.4 GeV/c.
Photon production in a glasma phase [22] was predicted
to scale with N↵

part with 1.47 < ↵ < 2.2. Other new pro-
duction mechanisms, proposed to address the large v2,
have distinctly di↵erent centrality dependence. The yield
from enhanced thermal photon emission in the strong
magnetic field is expected to decrease with centrality, as
the strength of the field weakens with decreasing impact
parameter [19]. The thermal photon yield should thus
increase more slowly than expected from standard pro-
cesses, but a quantitative estimate is not yet available.

V. SUMMARY AND CONCLUSIONS

We have isolated the low momentum direct photon
yield emitted in Au+Au collisions. The shape of the pT
spectra does not depend strongly on centrality, with an
average inverse slope of 240 MeV/c in the range from 0.6
to 2 GeV/c. The yield increases with centrality as N↵

part

with ↵ ⇠ 1.5. In conclusion, these results will help distin-
guish between di↵erent photon-production mechanisms
and will constrain models of the space-time evolution of
heavy-ion collisions.
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Clear excess observed over  
pp at low pT, yield scales 
~Npart

α
 with α~1.5, will 

provide constraints to 
modeling of space-time evolution 
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Single spin asymmetries of neutral pions at 
midrapidity and forward angles (Chiu)
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FIG. 5: (color online) Comparison of neutral pion AN as func-
tion of xF from

√
s = 19.4 to 200 GeV from this publication

and [7, 11]. Appendix Table V gives the data in plain text.

π+ and π0 asymmetries are positive, those of π− are of
opposite sign. The amplitudes of the charged pion asym-
metries are of similar size, with the π− perhaps slightly
larger, whereas both are significantly larger than the neu-
tral pion asymmetry.
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FIG. 6: (color online) Isospin comparison of pion AN as
a function of xF at

√
s = 62.4 GeV from this publication

and [10]. Appendix Table V gives the data in plain text.

C. Acluster
N at

√
s = 200 GeV and High xF

At energies below Eπ0
<∼ 20 GeV the MPC is able

to resolve the π0 → γ + γ decay. However, with in-
creasing energy, the opening angle between the two pho-
tons becomes so small that their electromagnetic clusters
fully merge in the detector. This limits the xF range at

√
s = 200 GeV to below 0.2 for π0’s reconstructed via the

two-gamma decay mode. To overcome this limitation the
data analysis is done for inclusive clusters.
The data set at

√
s = 200 GeV includes 1.8×108 events

recorded with a high energy cluster trigger. Clusters in
the analysis are required to have fired the corresponding
trigger, i.e., N-MPC or S-MPC, and to satisfy a time of
flight cut. Clusters whose central tower is either marked
noisy or inactive are removed from the analysis. The con-
tributions from hadrons to the cluster yields are reduced
by selecting for photonic shower shapes. To minimize ef-
fects from energy leakage at the detector edges, a radial
fiducial cut is applied. The transverse asymmetries are
determined with Eq. 2 and systematic uncertainties are
estimated using the difference from Eq. 3.
The cluster composition is estimated using Monte

Carlo simulations. Again, a full detector simulation is
based on input from pythia 6.421 Tune A with separate
normalization factors between direct photons (k = 2)
and all other particles originating from high energy scat-
tering processes (k = 1) with a minimum pT of 2 GeV.
The normalization factors are determined by comparing
the simulated cross sections with RHIC measurements
at

√
s = 200 GeV [42–45]. The composition analysis dif-

ferentiates between electromagnetic clusters originating
from photonic decays of π0 and η mesons, direct photons,
and energy deposited by charged hadrons (h±). Contri-
butions from other sources, e.g. fragmentation photons
and ω meson decays, are combined in the “other γ” cat-
egory.
Figure 7 summarizes the cluster composition as func-

tion of pT with large xF > 0.4; Table II lists the corre-
sponding values in detail. In the context of this pythia
study, over the studied kinematic range contributions
from decay photons of π0 mesons are the dominant source
of clusters in the MPC. With increasing pT there is a siz-
able increase in contributions from direct and other pho-
tons. The relative uncertainty of the composition from
this study at pT > 5 GeV/c is less than 20% and signifi-
cantly smaller at lower pT .
Figure 8 summarizes the xF -dependence of the clus-

ter AN for two different pseudorapidity ranges similar to
Fig. 3. Systematic uncertainties again are evaluated by
comparison of results from Eqs. 2 and 3. Within statisti-
cal uncertainties the asymmetries in the backward direc-
tion xF < 0 are found to be consistent with zero, whereas
in the forward direction AN rises almost linearly with xF .
The asymmetries are of similar size compared to earlier
results at different center-of-mass energies as shown in
Fig. 5.
Figure 9 presents AN , as a function of transverse mo-

mentum pT for values of |xF | > 0.4 where AN is largest
in forward kinematics (compare Fig. 8). The asymme-
try rises smoothly and then seems to saturate above
pT > 3 GeV/c. A significant decrease of the asymme-
try as expected from higher twist calculations is not ob-
served [31]. Again, negative xF asymmetries are found to
be consistent with zero within statistical uncertainties.
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D. Aπ0,η
N at

√
s=200 GeV and Small xF

The data selection and asymmetry analysis in the
midrapidity spectrometer closely follows the procedure
of previous analyses [17]. The data set includes 6.9 ×
108 events triggered by the high pT photon trigger. Pho-
ton clusters are selected using photonic shower shape cuts
in the electromagnetic calorimeter, the time of flight be-
tween the collision point and the calorimeter, a minimum
deposited energy of 200 MeV, and a charged particle veto
from tracking in front of the calorimeter. Cluster pairs
are then chosen with an energy asymmetry (Eq. 4) of less
than 0.8 (0.7) for π0 (η) identification, and by requiring
that the photon with the higher energy fired the trigger.
The yields are taken as the number of cluster pairs in a

±25 MeV/c2 window around the mean of the π0 peak in
the invariant mass distribution (±70 MeV/c2 around the
mean of the η mass). The width of the π0 peak decreases
from 12 to 9 MeV/c2 as pT increases from 1 to 12 GeV/c
(35 to 25 MeV/c2 for the η). The background fractions
in the signal windows depend on pT and range from 29%
to 4% under the π0 peak and 75% to 41% for the η peak
as pT increases.
To remove a possible background asymmetry, the

weighted asymmetry between a low and high mass re-
gion around the signal peak is determined and subtracted
from the signal region. These regions are defined from
47 to 97 and from 177 to 227 MeV/c2 for the π0, and
from 300 to 400 and from 700 to 800 MeV/c2 for the η
meson. The signal asymmetry Asignal

N can be calculated
using yields from the peak region Nincl and from the in-
terpolated background yields Nbg:

Asignal
N =

Aincl
N − rAbg

N

1− r
, (5)

with the background fraction r = Nbg/Nincl under either
the π0 or η signal. The background asymmetries are all
consistent with zero.
Due to the limited azimuthal acceptance of the midra-

pidity spectrometer the asymmetries are only measured
from integrated yields in the whole detector hemispheres
to the left and right of the polarization direction. To
account for the cosine modulation of the particle produc-
tion, the asymmetries need to be corrected by an average
factor f = 1/⟨cosϕ⟩ taken over the detector acceptance.
The asymmetries are calculated from Eq. 2, and the cor-
responding systematic uncertainties are estimated from
differences with Eq. 3.
Both the inclusive and background asymmetries are de-

termined for each RHIC fill to test for possible variations
with time. The mean values are then used for the cal-
culation of the final asymmetries for π0 and η mesons as
function of pT , see Fig. 11 and Tables IX and X. The fig-
ure shows the asymmetries for the whole detector accep-
tance (|η| < 0.35) and for two samples selecting slightly
forward/backward going particles (0.2 < |η| < 0.35). It
is important to note that the data in the restrictive pseu-
dorapidity ranges are sub-samples of the larger inclusive
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FIG. 11: (color online) The AN measured at midrapidity
(|η| < 0.35), as function of pT for π0 (a) and η (b) mesons (see
Tables IX and X). Triangles are slightly forward/backward go-
ing sub-samples of the full data set (circles). These are shifted
in pT for better visibility. An additional uncertainty from the
beam polarization (see Table I) is not included.

data set. These very precise results are all consistent
with zero over the observed pT range.

IV. DISCUSSION

The AN of neutral pions and inclusive charged hadrons
have previously been measured with the PHENIX midra-
pidity spectrometer [17]. Those asymmetries have been
found to be consistent with zero and have been used
to constrain the gluon Sivers function [18] despite their
limited statistical precision. The new results shown in
Fig. 11 exceed the former precision by a factor of 20 for
the π0 transverse asymmetries while extending the pT
reach to above 10 GeV/c. Also, this paper reports on
AN of η mesons at xF ≈ 0 which extends previous re-
sults [46] both in

√
s and pT . Altogether, no significant

deviation from zero can be seen in the results within the

Combined with BRAHMS forward charged pions, 
these data rule out Sivers effect 

as source of observed transverse asymmetries

http://arxiv.org/abs/1312.1995



Dark photon limit (Morrison)
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tal sensitivity (shown as green and yellow bands) are all indicated on the plots for the different

data sets in Fig. 2.
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Figure 2: The experimental sensitivity and observed possible events of dark photon candidates
as a function of the assumed dark photon mass. The ±1� and ±2� bands of the combined
statistical and systematic uncertainties around the experimental sensitivity are shown in green
and yellow, respectively.

Given the results shown in Fig. 2, we observe no significant signal since the observed limit

is within 2� of the expected fluctuation of the experimental sensitivity. Therefore the observed

numbers of possible dark photon candidate events can be translated directly into a limit on

the dark photon coupling parameter using the peak height ratio, Eq. 5. Figure 3 shows the limit

determined by PHENIX along with the 90% CL from the COSY (28), HADES (29), KLOE (30)

and A1 (31) experiments and the 2� upper limit theoretically calculated from (g � 2)e (32).

The bands indicate the range of parameters which would allow the dark photon to explain the

(g � 2)µ anomalies with the 90% CL. The upward fluctuation apparent in the 2008 d+Au data

compensates for a downward fluctuation of similar scale in the 2009 p+p data, leading to the

slightly modulated limit of the combined result. The PHENIX results cover the mass range

30 < mU < 90 MeV/c2, and over that range set a stricter limit than those of COSY, HADES

8

Several existing experimental anomalies 
(g-2, lamb shift in muonic hydrogen, 

positron excess in cosmic rays) all 
potentially explained by “dark photon”, 

mixing with real photons 
!

Search performed in Dalitz decays of 
neutral mesons in p+p and d+Au.

!
!

Observed yield consistent with 
background fluctuations at 2σ level,  

so translated into upper limit on 
coupling strength ϵ2 

!
Morrison adapted the CLs technique 
(current state of the art) to PHENIX 

from the HEP community to determine  
the 90% CL upper limit

http://arxiv.org/abs/1409.0851



Quark participant scaling (Tannenbaum, Mitchell)
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TRANSVERSE-ENERGY DISTRIBUTIONS AT . . . PHYSICAL REVIEW C 89, 044905 (2014)

TABLE VII. Transverse-energy production results for 62.4 GeV Au+Au collisions. Listed are the total uncertainties (Type A, Type B, and
Type C) for each centrality bin.

Centrality ⟨Npart⟩ ⟨Nqp⟩ dET

dη
(GeV) 1

0.5⟨Npart⟩
dET

dη
(GeV) 1

0.5⟨Nqp⟩
dET

dη
(GeV)

0%–5% 342.6 ± 4.9 900.9 ± 21.7 389.7 ± 25.9 2.27 ± 0.13 0.87 ± 0.06
5%–10% 291.3 ± 7.3 748.0 ± 20.4 320.5 ± 21.9 2.20 ± 0.13 0.86 ± 0.06
10%–15% 244.5 ± 8.9 614.7 ± 17.9 260.6 ± 18.8 2.13 ± 0.13 0.85 ± 0.07
15%–20% 205.0 ± 9.6 505.8 ± 16.9 212.1 ± 15.9 2.07 ± 0.13 0.84 ± 0.07
20%–25% 171.3 ± 8.9 414.3 ± 15.2 171.9 ± 14.4 2.01 ± 0.15 0.83 ± 0.08
25%–30% 142.2 ± 8.5 337.2 ± 12.5 138.6 ± 12.9 1.95 ± 0.16 0.82 ± 0.08
30%–35% 116.7 ± 8.9 271.1 ± 12.8 110.4 ± 11.7 1.89 ± 0.18 0.81 ± 0.09
35%–40% 95.2 ± 7.7 216.3 ± 11.0 86.9 ± 10.2 1.83 ± 0.19 0.80 ± 0.10
40%–45% 76.1 ± 7.7 168.8 ± 11.3 67.3 ± 8.7 1.77 ± 0.21 0.80 ± 0.12
45%–50% 59.9 ± 6.9 129.8 ± 9.7 51.2 ± 7.5 1.71 ± 0.23 0.79 ± 0.13
50%–55% 46.8 ± 5.2 98.8 ± 6.1 38.4 ± 6.4 1.64 ± 0.25 0.78 ± 0.14

except for the most peripheral bin where it drops by 5%. This
result demonstrates that rather than implying a hard-scattering
component in Nch and ET distributions, Eq. (6) is instead a
proxy for the number of constituent-quark participants Nqp as
a function of centrality.

It is important to point out that the relationship breaks down
more seriously for p + p collisions, with a ratio of 2.99 (Table
IX). This is consistent with the PHOBOS [72] result that a fit of
Eq. (6) to ⟨dNAA

ch /dη⟩ leaving ⟨dN
pp
ch /dη⟩ as a free parameter

also projects above the p + p measurement. Because the key
to the utility of extreme independent models is that the p + p
data, together with an independent calculation of the nuclear
geometry can be used to predict the A+A distributions, we
now turn to the analysis of the p + p, d+Au, and Au+Au ET

distributions at
√

sNN = 200 GeV in terms of these models
to see whether the extrapolation from the p + p data using
constituent-quark participants is more robust than from the
ansatz.

partN
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FIG. 6. (Color online) dET /dη normalized by the number of
participant quark pairs as a function of the number of participants
for Au+Au collisions at

√
sNN = 200, 130, and 62.4 GeV. The Type

A uncertainties are represented by error bars about each point. The
Type B uncertainties are represented by the lines bounding each point.
The Type C uncertainties are represented by the error bands to the
right of the most central data point.

VII. EXTREME-INDEPENDENT ANALYSES IN GENERAL

In extreme independent models for an A+B nucleus-
nucleus reaction, the nuclear geometry, i.e., the relative
probability of the assumed fundamental elements of particle
production, such as number of binary nucleon-nucleon (N+N)
collisions (Ncoll), nucleon participants or wounded nucleons
(Npart,WN), constituent-quark participants (NQP), or color
strings (wounded projectile quarks, AQM), can be computed
from the assumptions of the model in a standard Glauber–
Monte Carlo calculation [68] without reference to either the
detector [73] or the particle production by the fundamental
elements. Once the nuclear geometry is specified in this
manner, it can be applied to the measured p + p distribution
(assumed equivalent to N+N) to derive the distribution (in
the actual detector) of ET or multiplicity (or other additive
quantity) for the fundamental elementary collision process,
i.e., a collision, a wounded nucleon (nucleon participant),

qpN
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FIG. 7. (Color online) dET /dη as a function of the number of
quark participants for Au+Au collisions at

√
sNN = 200, 130, and

62.4 GeV. The Type A uncertainties are represented by error bars
about each point. The Type B uncertainties are represented by error
bands about each point shown. The Type A and Type B uncertainties
are typically less than the size of the data point. The Type C
uncertainties are represented by the error bands to the right of the
most central data point. The lines are straight line fits to the data.
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FIG. 15. (Color online) Measured ET distribution in Au+Au at√
sNN = 200 GeV on the same ET scale as Fig. 13 compared to

the calculation in the quark participant (NQP) model with ϵNQP =
1 − p0NQP = 0.659 together with the individual visible convolutions
for NQP in this ET range, i.e., 2,3, ...114, out of 584 convolutions
with visible contribution to the full distribution, out of a maximum
of 1020 NQP considered.

In Fig. 16(b) the d+Au ET distribution is shown with the
central 1 − p0NQP and the ±1σ variations. The NQP calculation
closely follows the d+Au measurement in shape and in
magnitude over a range of a factor of 1000 in cross section,
while as previously seen in Fig. 12, the AQM calculation
disagrees both in shape and magnitude, with nearly a factor
of 2 less ET emission. A new independent check of the
NQP model is the observation that the ⟨dET /dη⟩/Nqp =
0.617 ± 0.023 GeV calculated from the linear fit (Fig. 7)
of the Au+Au measurement as a function of centrality is
equal (within < 1 standard deviation) to the value ⟨ET ⟩true

qp =
0.655 ± 0.066 GeV derived for a quark participant from the
deconvolution of the p + p ET distribution (Table XV).

The availability of the p + p baseline ET distribution
together with the Au+Au distribution allows a test of how
the representation of dNch/dη or dET /dη as a function of
centrality by this rewrite of Eq. (6) [3,4,46]:

dEAA
T /dη = [(1 − x) ⟨Npart⟩(dE

pp
T /dη)/2

+ x ⟨Ncoll⟩(dE
pp
T /dη)], (21)

which works for the average values, could be applied to the
distributions.

Figure 17 compares the Au+Au data to the Ncoll and Npart-
WNM calculations, including the efficiencies. One thing that
is immediately evident from Fig. 17 is that if Eqs. (6) and (21)
were taken to represent the weighted sum of (1 − x) × the
WNM-Npart curve + x × the Ncoll curve with x ≈ 0.08 [46,72],
then the representation of dET /dη by Eqs. (6) and (21), which
may seem reasonable for the average values, makes no sense
for the distribution.

To further emphasize this point, shown in Fig. 18 is the
calculation of the distribution given by Eqs. (6) and (21) for
10%–15% centrality, namely the sum of the Npart distribution
for ⟨Npart⟩ = 254, weighted by (1-x), and the Ncoll distribution
for ⟨Ncoll⟩ = 672 weighted by x, compared to the measured
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FIG. 16. (Color online) ET ≡ dET /dη|y=0 distributions at√
sNN = 200 GeV. (a) Au+Au compared to the NQP calculations

using the central 1 − p0 = 0.647 and ±1σ variations of
1 − p0 = 0.582,0.712 for the probability of getting zero ET

on a p + p collision with resulting εNQP = 0.659,0.603,0.716,
respectively. (b) d+Au calculation for the same conditions as in (a).
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FIG. 17. (Color online) Au+Au measurement of dET /dη com-
pared to the Npart-WNM (dot-dash) and Ncoll (dashes) model
calculations.
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Convolving p+p distributions (after correction for trigger/selection 
efficiency), based on linear scaling of p+p data with the number of 
“quark participants” describes measured ET distribution in Au+Au   

Simple approach, which incorporates composite nature of  
nucleon, to quantitatively model soft particle production at η=0 in detail.

http://arxiv.org/abs/1312.6676
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FIG. 3: Measured v2(EP ) for midrapidity charged tracks in
0%–5% central d+Au at

p
sNN = 200 GeV using the event

plane method in Panel (a). Also shown are v2 measured in
central p+Pb collisions at

p
sNN = 5.02 TeV [2, 3, 5], and our

prior measurements with two particle correlations (v2(2p)) for
d+Au collisions [6]. A polynomial fit to the current measure-
ment and the ratios of experimental values to the fit are shown
in the panel (b).

resolution Res( Obs
2 ) is calculated through the standard

three subevents method [23, 24], with the other two event
planes being (i) the second order event plane determined
from central-arm tracks, restricted to low pT (0.2 GeV/c
< pT < 2.0 GeV/c) to minimize contribution from jet
fragments; and (ii) the first order event plane measured
with spectator neutrons in the shower-maximum detector
on the Au-going side (⌘ < -6.5) [24, 25]. The systematic
uncertainties on the v2 of charged hadrons are mainly
from the tracking background and pile-up e↵ects, as de-
scribed above, and also from the di↵erence in v2 from
di↵erent event plane determinations. To estimate the
systematic uncertainty of the latter we compare the v2
extracted with the MPC-S event plane with that using
the south (Au-going) beam-beam counter, and the two
measurements of v2 are consistent to within 5%.

The v2 of charged hadrons for 0%–5% central d+Au
events with event plane methods are shown in Fig. 3(a)
as v2(EP ) for pT up to 4.5 GeV/c, along with a polyno-
mial fit through the points. Also shown are our earlier
measurement with two particle correlations (v2(2p)) and
the v2 measured in the central p+Pb collisions at LHC.
Figure 3(b) shows the ratios of all of these measurements
divided by the fitting results. The v2 from our prior mea-
surements exceed the current measurement; di↵erences
range from about 15% at pT = 1.0 GeV/c and increases
to about 50% at pT = 2.2 GeV/c. However, the dif-
ferences are within the stated uncertainties from prior
measurements.

The present v2 measurement is closer to that of p+Pb

collisions [2, 3, 5], with much improved uncertainties and
extended pT range. It is about 20% higher than that of
p+Pb at pT = 1 GeV/c, and the di↵erence decreases to
few percent at pT > 2.0 GeV/c.
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FIG. 4: Measured v2(pT ) for identified pions and
(anti)protons, each charged combined, in 0%–5% central
d+Au collisions at RHIC. In panel (a) the data are compared
with the calculation from a viscous hydrodynamic model [26–
28], and in panel (b) the v2 data for pions and protons in
0%–20% central p+Pb collisions at LHC are shown for com-
parison [15].

Figure 4 shows the midrapidity v2(pT ) for identified
charged pions and (anti)protons, with charge signs com-
bined for each species, up to pT = 3 GeV/c using the
event plane method; the systematic uncertainties are the
same as for inclusive charged hadrons. A distinctive
mass-splitting can be seen. The meson v2 is higher than
the baryon for pT < 1.5 GeV/c, as has been seen univer-
sally in heavy-ion collisions at RHIC [29–34]. Figure 4(a)
also shows calculations with Glauber initial conditions
for viscous hydrodynamics starting at ⌧ = 0.5 fm/c with
⌘/s = 1.0/(4⇡), followed by a hadronic cascade [26–28].
The splitting at lower pT is also seen in the calculation.
Because there are no known CGC calculations available
that would indicate a mass-splitting, it may be challeng-
ing – even in principle – to establish the observed mass
dependence in the initial stages of the collision. The iden-
tified particle v2 in 0%–20% p+Pb collisions are shown
in Fig. 4(b) for comparison [15]. The magnitude of the
mass-splitting in RHIC d+Au is smaller than that seen
in LHC p+Pb, which could be an indicator of stronger
radial flow in the higher energy collisions.
We have presented measurements of long-range az-

imuthal correlations between particles at midrapidity and
at backward rapidity (Au-going direction) in 0%–5% cen-
tral d+Au collisions at

p
sNN = 200 GeV. We find a near-

side azimuthal angular correlation in these collisions for
pairs across |�⌘| > 2.75 which is not apparent in min-
imum bias p+p collisions at the same collision energy.
The anisotropy strength v2 is measured for midrapidity
particles with respect to a global event plane determined
from a region separated by the same pseudorapidity in-
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plane method in Panel (a). Also shown are v2 measured in
central p+Pb collisions at
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sNN = 5.02 TeV [2, 3, 5], and our

prior measurements with two particle correlations (v2(2p)) for
d+Au collisions [6]. A polynomial fit to the current measure-
ment and the ratios of experimental values to the fit are shown
in the panel (b).

resolution Res( Obs
2 ) is calculated through the standard

three subevents method [23, 24], with the other two event
planes being (i) the second order event plane determined
from central-arm tracks, restricted to low pT (0.2 GeV/c
< pT < 2.0 GeV/c) to minimize contribution from jet
fragments; and (ii) the first order event plane measured
with spectator neutrons in the shower-maximum detector
on the Au-going side (⌘ < -6.5) [24, 25]. The systematic
uncertainties on the v2 of charged hadrons are mainly
from the tracking background and pile-up e↵ects, as de-
scribed above, and also from the di↵erence in v2 from
di↵erent event plane determinations. To estimate the
systematic uncertainty of the latter we compare the v2
extracted with the MPC-S event plane with that using
the south (Au-going) beam-beam counter, and the two
measurements of v2 are consistent to within 5%.

The v2 of charged hadrons for 0%–5% central d+Au
events with event plane methods are shown in Fig. 3(a)
as v2(EP ) for pT up to 4.5 GeV/c, along with a polyno-
mial fit through the points. Also shown are our earlier
measurement with two particle correlations (v2(2p)) and
the v2 measured in the central p+Pb collisions at LHC.
Figure 3(b) shows the ratios of all of these measurements
divided by the fitting results. The v2 from our prior mea-
surements exceed the current measurement; di↵erences
range from about 15% at pT = 1.0 GeV/c and increases
to about 50% at pT = 2.2 GeV/c. However, the dif-
ferences are within the stated uncertainties from prior
measurements.

The present v2 measurement is closer to that of p+Pb

collisions [2, 3, 5], with much improved uncertainties and
extended pT range. It is about 20% higher than that of
p+Pb at pT = 1 GeV/c, and the di↵erence decreases to
few percent at pT > 2.0 GeV/c.
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(anti)protons, each charged combined, in 0%–5% central
d+Au collisions at RHIC. In panel (a) the data are compared
with the calculation from a viscous hydrodynamic model [26–
28], and in panel (b) the v2 data for pions and protons in
0%–20% central p+Pb collisions at LHC are shown for com-
parison [15].

Figure 4 shows the midrapidity v2(pT ) for identified
charged pions and (anti)protons, with charge signs com-
bined for each species, up to pT = 3 GeV/c using the
event plane method; the systematic uncertainties are the
same as for inclusive charged hadrons. A distinctive
mass-splitting can be seen. The meson v2 is higher than
the baryon for pT < 1.5 GeV/c, as has been seen univer-
sally in heavy-ion collisions at RHIC [29–34]. Figure 4(a)
also shows calculations with Glauber initial conditions
for viscous hydrodynamics starting at ⌧ = 0.5 fm/c with
⌘/s = 1.0/(4⇡), followed by a hadronic cascade [26–28].
The splitting at lower pT is also seen in the calculation.
Because there are no known CGC calculations available
that would indicate a mass-splitting, it may be challeng-
ing – even in principle – to establish the observed mass
dependence in the initial stages of the collision. The iden-
tified particle v2 in 0%–20% p+Pb collisions are shown
in Fig. 4(b) for comparison [15]. The magnitude of the
mass-splitting in RHIC d+Au is smaller than that seen
in LHC p+Pb, which could be an indicator of stronger
radial flow in the higher energy collisions.
We have presented measurements of long-range az-

imuthal correlations between particles at midrapidity and
at backward rapidity (Au-going direction) in 0%–5% cen-
tral d+Au collisions at

p
sNN = 200 GeV. We find a near-

side azimuthal angular correlation in these collisions for
pairs across |�⌘| > 2.75 which is not apparent in min-
imum bias p+p collisions at the same collision energy.
The anisotropy strength v2 is measured for midrapidity
particles with respect to a global event plane determined
from a region separated by the same pseudorapidity in-

After discovery of v2-like 
anisotropies with 2PC p+Pb at LHC 

(ALICE, ATLAS [Jia, Steinberg]), 
PHENIX measured similar behavior 

in d+Au collisions (Sickles)

Updated measurements (involving  
Jia and Sickles), using event plane 

method (measured in MPC) confirm 
original results qualitatively, and 

show clear mass splitting.

http://arxiv.org/abs/1404.7461



BNL/PHENIX contributions to ATLAS HI

• Three members of the group contribute to ATLAS HI 
• Steinberg, Jia (joint with SBU),  Perepelitsa 

• Steinberg was HI physics convenor from 10/2008-10/2011 

• Jia is incoming HI convenor as of 10/2014 

• Physics contributions in FY2013-14 
• Jia - systematics of collective flow in p+Pb and Pb+Pb 

• Event plane correlations, event engineering 

• Steinberg - Photon production in Pb+Pb (QM14), ongoing 
work on photons in p+Pb 

• Perepelitsa - inclusive jet production in p+Pb (QM14), 
contributions to Pb+Pb inclusive jets.
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“Centrality and rapidity dependence of inclusive jet production in sNN = 5.02 TeV proton-lead collisions with the 
ATLAS detector”, ATLAS-CONF-2014-024  (Perepelitsa and Steinberg [who proposed p scaling]) 
!
“Measurements of the nuclear modification factor for jets in Pb+Pb collisions at sNN = 2.76 TeV with the ATLAS 
detector”, ATLAS-CONF-2014-025 (Perepelitsa) 
!
“Measurement of event-plane correlations in sqrt(s_NN)=2.76 TeV lead-lead collisions with the ATLAS detector”, 
Physical Review C 90 (2014) 024905 (Jia) 
!
“Measurement of the correlation between elliptic flow and higher-order flow harmonics in lead-lead collisions at 
sqrt(s_NN)=2.76 TeV”, ATLAS-CONF-2014-022 (Jia) 
!
“Measurement of long-range pseudorapidity correlations and azimuthal harmonics in sqrt(s_NN)=5.02 TeV 
proton-lead collisions with the ATLAS detector”, http://arxiv.org/abs/1409.1792 (Jia) NEW! 
!
Centrality, rapidity and pT dependence of solated prompt photon production in lead-lead collisions at √sNN = 
2.76 TeV with the ATLAS detector at the LHC, ATLAS-CONF-2014-026 (Steinberg) 
!

Publications and public CONF notes.

BNL/PHENIX contributions to ATLAS HI
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Figure 12: The correlation of v2 (x-axis) with v4 (y-axis) both measured in 0.5 < pT < 2 GeV in various

centrality intervals grouped in three panels. The data points in each centrality interval correspond to

the fourteen default q2 bins (the full q2 range is divided by statistics into two 5% bins, eight 10% bins

and four 2.5% bins) or five coarse q2 bins (the full q2 range is divided by statistics into five 20% bins).

The data are overlaid with the centrality dependence without q2 selection as shown in top-left panel of

Fig. 11. The error bars represent the statistical uncertainties.
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Figure 13: The correlation of v2 (x-axis) with v4 (y-axis) both measured in 0.5 < pT < 2 GeV in thirteen

5% centrality intervals, one in each panel. In each panel, the correlation data are parameterized with

Eq. 17 which include the linear and non-linear components. The correlation data are also compared with

re-scaled ϵ2–ϵ4 correlation (via Eq. 15) from the Glauber and MC-KLN models in the same centrality

interval. The centrality dependence of the fit parameters are shown in the last two panels. The error bars

and shaded bands represent the statistical and systematic uncertainties, respectively.
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Figure 14: The centrality (Npart) dependence of the v4 in 0.5–2 GeV and the associated linear and non-

linear components extracted from the fit in Fig. 13 and Eq. 18. They are compared with the linear and

non-linear component estimated from the previous published event-plane correlations via Eq. 19. The

error bars represent the statistical uncertainties, while the shaded bands or hashed bands represent the

systematic uncertainties.

that is proportional to ⟨cos 4(Φ∗2 − Φ
∗
4)⟩. This function has the simplest form and also avoids any model340

dependence in the fit2. The fits, which are shown in Fig. 13, describe the data very well for all centrality341

intervals. These excellent fits suggest that either the contributions from higher-order non-linear terms342

and ⟨cos 4(Φ∗2 − Φ
∗
4)⟩ are small, or they are, in effect, included through the non-linear component of the343

fit. The centrality (Npart) dependence of the fit parameters is shown in the last two panels of Fig. 13. The344

c0 term represents an estimate of the linear component of v4, while the coefficient c1 drives the non-linear345

term. The centrality dependence of the c1 show similar behaviour to the ratio of the previously measured346

v4{Φ2}/v22 as measured previously [11,50], where v4{Φ2} denotes the coefficient v4 measured with respect347

to the 2nd-order event plane, Φ2. In contrast the v4 from 2PC analysis corresponds to harmonics relative348

to Φ4.349

The c0 term from the fits can now be used to decompose v4, without q2 selection, into linear and350

non-linear terms for each centrality interval as:351

vL4 = c0, vNL
4 =

√

v2
4
− c2

0
(18)

The results as a function of centrality are shown in Fig. 14 (open circles and squares). The linear term352

associated with ϵ4 depends only weakly on centrality, and becomes the dominant part of v4 for Npart >353

150, or 0–30% centrality range. The non-linear term increases as the collisions become more peripheral,354

and becomes the dominant part of v4 for Npart < 120.355

Since the contributions of higher-order non-linear terms are small as suggested by the fits discussed356

above, the linear and nonlinear contributions can also be estimated directly from the previously published357

event-plane correlator ⟨cos 4(Φ2 − Φ4)⟩ from ATLAS [13]:358

vNL
4 = v4 ⟨cos 4(Φ2 − Φ4)⟩ , vL4 =

√

v2
4
− (vNL

4
)2 (19)

2The higher-order term and the cross-term have to be calculated in a model framework, which maybe more accurate but

introduces model dependence and additional fit parameters.

Very powerful technique,  
able to directly extract 

contributions from non-linear  
coupling between harmonics
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Figure 11: The correlation of the v2 (x-axis) with v4 (y-axis) both measured in the same pT for four pT

ranges, one for each panel. In each panel, the v2 and v4 values are calculated in 5% centrality intervals

in the centrality range 0–65% (top two panels) and 0–60% (bottom two panels). The data points corre-

sponding to the most central and most peripheral centrality intervals are indicated explicitly. The error

bars and shaded boxes represent the statistical and systematic uncertainties, respectively. In many cases,

these uncertainties are smaller than the symbol size.

rise for large v2 values.330

To further understand the role of the linear and non-linear contributions to v4, the v2–v4 correlation331

data in Fig. 12 are replotted in Fig. 13, separately for each centrality. The data are compared with the332

ϵ2–ϵ4 correlation in the initial geometry, calculated via Eq. 3 from the Glauber and MC-KLN models.333

The model predictions are then re-scaled by sn defined in Eq. 15, as was done for Fig. 10. These re-scaled334

ϵ2–ϵ4 correlations fail to describe the data, suggesting that the linear component alone associated with ϵ4335

in Eq. 5 is not sufficient to explain the measured v2–v4 correlation.336

To separate the linear and non-linear components in the v2–v4 correlation, the data are fitted with the337

following functional form:338

v4 =

√

c2
0
+ (c1v22)2 , (17)

This function is derived from Eq. 5, by ignoring the higher-order non-linear terms and the cross-term339
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Figure 14: The centrality (Npart) dependence of the v4 in 0.5–2 GeV and the associated linear and non-

linear components extracted from the fit in Fig. 13 and Eq. 18. They are compared with the linear and

non-linear component estimated from the previous published event-plane correlations via Eq. 19. The

error bars represent the statistical uncertainties, while the shaded bands or hashed bands represent the

systematic uncertainties.

that is proportional to ⟨cos 4(Φ∗2 − Φ
∗
4)⟩. This function has the simplest form and also avoids any model340

dependence in the fit2. The fits, which are shown in Fig. 13, describe the data very well for all centrality341

intervals. These excellent fits suggest that either the contributions from higher-order non-linear terms342

and ⟨cos 4(Φ∗2 − Φ
∗
4)⟩ are small, or they are, in effect, included through the non-linear component of the343

fit. The centrality (Npart) dependence of the fit parameters is shown in the last two panels of Fig. 13. The344

c0 term represents an estimate of the linear component of v4, while the coefficient c1 drives the non-linear345

term. The centrality dependence of the c1 show similar behaviour to the ratio of the previously measured346

v4{Φ2}/v22 as measured previously [11,50], where v4{Φ2} denotes the coefficient v4 measured with respect347

to the 2nd-order event plane, Φ2. In contrast the v4 from 2PC analysis corresponds to harmonics relative348

to Φ4.349

The c0 term from the fits can now be used to decompose v4, without q2 selection, into linear and350

non-linear terms for each centrality interval as:351

vL4 = c0, vNL
4 =

√

v2
4
− c2

0
(18)

The results as a function of centrality are shown in Fig. 14 (open circles and squares). The linear term352

associated with ϵ4 depends only weakly on centrality, and becomes the dominant part of v4 for Npart >353

150, or 0–30% centrality range. The non-linear term increases as the collisions become more peripheral,354

and becomes the dominant part of v4 for Npart < 120.355

Since the contributions of higher-order non-linear terms are small as suggested by the fits discussed356

above, the linear and nonlinear contributions can also be estimated directly from the previously published357

event-plane correlator ⟨cos 4(Φ2 − Φ4)⟩ from ATLAS [13]:358

vNL
4 = v4 ⟨cos 4(Φ2 − Φ4)⟩ , vL4 =

√

v2
4
− (vNL

4
)2 (19)

2The higher-order term and the cross-term have to be calculated in a model framework, which maybe more accurate but

introduces model dependence and additional fit parameters.
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The centrality determination is a common, crucial component to all analyses presented here.

The collision centrality was determined using the charged multiplicity in forward rapidity 3.1 <
⌘ < 3.9, as measured with the PHENIX beam-beam counter. Here, forward (positive) rapidity
is defined as the Au-going side. The underlying average number of binary nucleon-nucleon
collisions (hN

coll

i) was estimated with a Glauber model Monte Carlo simulation.
Due to the autocorrelation between having a high p

T

particle in the central PHENIX spec-
trometer and the charge multiplicity in the BBC, an additional correction factor is calculated.
This is done with the same Glauber Monte Carlo simulation used for the calculation of N

coll

.
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Figure 1: Centrality dependence of the nuclear modification factor,
R

dA

, for ⇡0 (dots), reconstructed jets (squares), and ⌘ (circles).The
boxes around the points show p

T

correlated systematic uncertainties,
the boxes on the left depict the uncertainty of N

coll

, the ones on the
right show the p+p normalization uncertainty.
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as in Figure 1.

3. High pT ⇡0, ⌘, and Jets

The analysis method for ⇡0 and ⌘ is based on the earlier PHENIX approach used for the
2003 data [4]. Since the p

T

reach of this analysis is significantly higher, the merging of the
electromagnetic showers from the two ⇡0 decay photons has to be taken into account. Such
showers are removed by a shower shape cut. The probability for this loss of ⇡0 in the data
sample was estimated with a fast Monte Carlo program that takes into account the shape of
the electromagnetic showers of the decay photons. The jet analysis uses the Gaussian filter
algorithm [5] that was developed in the analyses of p+p and Cu+Cu data in PHENIX. The
algorithm is a seedless cone-like algorithm with Gaussian weighting on the angle with respect
to the jet axis. It is an infrared- and collinear-safe algorithm that was developed for heavy-ion

2

Similar, unexpected “splitting” of  
central & peripheral suppression  

factors seen both at RHIC and LHC:  
generating substantial interest in theory 

(Bathe et al, Alvioli, Strikman, et al)  
and will be basis of new measurements 
(PHENIX p+A, with MPC-EX installed)



BNL/PHENIX sPHENIX involvement

• For details on sPHENIX project, see Ed O’Brien’s talk 
!

• Group has major involvement in sPHENIX project 
• Project management: Haggerty, O’Brien 

• Oversight: Haggerty, O’Brien, Morrison  

• Detector design and construction: Woody, Kistenev, Huang 

• Planning documents for sPHENIX, fsPHENIX, “ePHENIX”: 
Morrison, Haggerty, Huang, Woody, Franz, Pinkenburg 

• Physics studies: Sickles (jets), Perepelitsa, Steinberg (b-jets)
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FNAL sPHENIX/EIC testbeam, Feb 2014
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Major involvement from BNL/PHENIX group:  
design, construction, readout, etc. 

Important for selecting technologies  
for sPHENIX (e.g. SPACAL over tilted plate), 

and characterizing energy resolution



EIC R&D work

• Members of the group are involved in EIC R&D work 
!

• eRD6 
• Azmoun, Pak, Purschke, Woody (GEM TPC & DAQ support) 

• eRD11  
• Huang (Aerogel RICH) 

• eRD10 
• Chiu (PI, 10 ps TOF)
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Connections with Other Technologies – Medical Imaging
Rat Conscious Animal PET (RatCAP)

• First brain images of live rats without the 
   use of anesthesia !
• Simultaneous high resolution PET-MRI !
• First simultaneous PET-MRI human 
  scan using dedicated breast MRI scanner

Nature Methods Vol.8, 
No.4 (2011) 347-352

Phys. Med. Biol. 56  (2011) 
2458-2480

         Detectors developed in the BNL Physics Department !
PHENIX Group (C.Woody, M.Purschke, S.Stoll) provide major input

Now being commercialized 
by startup on Long Island:



Summary

• Very active time for BNL/PHENIX group, with group members 
active in several projects 

• PHENIX 
• Physics output remains strong, with strength in soft physics, 

correlations in d+Au, photon/π0 

• ATLAS 
• Making strong contributions in collective flow, jets in Pb+Pb and p+Pb, 

and photons in Pb+Pb 

• sPHENIX 
• Important role in management, design, computing and physics studies 

• Detector R&D 
• Medical imaging,  sPHENIX, EIC
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Extra slides
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BNL contributions to PHENIX publications
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1) Cold-nuclear-matter effects on heavy-quark production at forward and backward rapidity in d+Au collisions at sNN = √200 GeV, A. Adare et al., Phys Rev Lett 112(2014) 
252301  !

2) Centrality categorization for R p(d)+A in high-energy collisions,  A. Adare et al., arXiv:1310.4793, submitted to Phys Rev C!

3) System-size dependence of open-heavy-flavor production in nucleus-nucleus collisions at sNN =√200 GeV, A. Adare et al., arXiv:1310.8286, submitted to Phys Rev C!

4) Heavy-flavor electron-muon correlations in p+p and d+Au collisions at sNN = √  200 GeV, A. Adare et al., Phys RevC89(2014)034915!

5) The PHENIX Forward Silicon Vertex Detector, C. Aidala et al., Nucl. Inst and Meth. A755(2014)44!

6) Measurement of transverse-single-spin asymmetries for midrapidity and forward-rapidity production of hadrons at √ s = 200 GeV and 62.4 GeV, A. Adare et al., arXiv:
1312.1995, submitted to Phys Rev D!

7) Transverse-energy distributions at midrapidity in p+p, d+Au, and Au+Au collisions at sNN  = √62.4 – 200 GeV and implications for particle-production models, S.S. Adler 
et al., Phys Rev C89(2014) 044905!

8) Azimuthal-angle dependence of charged-pion-interferometry measurements with respect to 2nd- and 3rd-order event planes in Au+Au collisions at sNN = √200 GeV. A. 
Adare et al., Phys Rev Lett 112 (2014)222301!

9) Concept for an Electron Ion Collider (EIC) detector built around the BaBar solenoid. A. Adare et al., arXiv:1402.1209!

10) Inclusive double-helicity asymmetries in neutral pion and eta meson production in p⃗ +p⃗  collisions at s= √200 GeV, A. Adare et al., Phys Rev D90(2014)012007!

11) Nuclear matter effects on J/ψ production in asymmetric Cu+Au collisions at sNN = √  200 GeV, C. Aidala et al., arXiv:1404.1873, submitted to Phys Rev C!

12) Measurement of Υ(1S+2S+3S) production in p+p and Au+Au collisions at sNN = √200 GeV, A. Adare et al., arXiv:1404.2246, submitted to Phys Rev C!

13) Comparison of the space-time extent of the emission source in d+Au and Au+Au collisions at sNN = √200 GeV, A. Adare et al., arXiv:1404.5291, submitted to Phys Rev 
Lett!

14) Measurement of long-range angular correlation and quadrupole anisotropy of pions and (anti)protons in central d+Au collisions at sNN = √ 200 GeV, A. Adare et al., 
arXiv:1404.7461, submitted to Phys Rev Lett!

15) Heavy-quark production and elliptic flow in Au+Au collisions at sNN  = √ 62.4 GeV, A. Adare et al., arXiv:1405.3301, submitted to Phys Rev C!

16) Measurement of K0S and K∗0 in p+p, d+Au, and Cu+Cu collisions at sNN = √ 200 GeV, A. Adare et al., arXiv:1405.3628, submitted to Phys Rev C!

17) Centrality dependence of low-momentum direct-photon production in Au+Au collisions at sNN =  √200 GeV, A. Adare et al., arXiv:1405.3940, submitted to Phys Rev C!

18) Low-mass vector-meson production at forward rapidity in p+p collisions at s= √ 200 GeV, A. Adare et al., arXiv:1405.3260, submitted to Phys Rev D!
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Technology Transfer of Medical Imaging Instrumentation Developed in 
Conjunction with Detector R&D for Nuclear Physics 

• A number of medical imaging detectors have been 
developed at BNL over many years in conjunction 
with our ongoing detector development program for 
nuclear physics !

• Members of the PHENIX Group (C.Woody, 
M.Purschke and Sean Stoll) provided major input !

• This technology is now being commercialized by a 
private startup company

• SynchroPET is a new startup biotech 
  company based on Long Island !
• Licensed the medical imaging technology and  
  three patents developed at BNL and is currently 
  involved in tech transfer !
• Plans to commercialize and market four medical 
  imaging detectors developed at BNL

RatCAP

Awake animal brain 
Imaging

PET Insert for small 
animal MRI

Simultaneous PET/MR 
brain imaging of small 

animals

Wrist PET

Non-invasive 
quantitative PET for 
drug development

Breast PET/MRI

Simultaneous PET/MR 
imaging of the human 

breast for cancer 
detection

Pre-Clinical Clinical


